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In this paper acoustic evidence is presented for the presence of amplitude modulation in budgerigar
(Melopsittacus undulatyscontact calls and learned English vocalizations. Previously, acoustic
analyses of budgerigar vocalizations have consisted solely of visual inspection of spectrograms or
power spectra(derived from Fourier transformatipnSuch analyses have led researchers to
conclude that budgerigar vocalizations are primarily frequency-modulated, harmonic vocalizations.
Although budgerigar calls have been shown to contain regions that are modulated in amplitude, the
implications of this fact have been largely ignored. Amplitude modulation, the nonlinear interaction
between two separate signals that results in the creation of new, heter@iynend differenge
frequencies, can produce a very complex Fourier spectrum that may resemble that produced by a
harmonic vocalization. In this paper, the acoustic principles necessary for identifying amplitude
modulation present in signals are outlined, and followed by data demonstrating that amplitude
modulation is a prominent feature not only of natural budgerigar contact calls, but also of their
learned English vocalizations. It is illustrated how analyzing a vocalization that contains amplitude
modulation as if it were harmonic can result in misinterpretations of the acoustic and physical
properties of the sound and sound source. The implications of amplitude modulation for studies of
the ontogenetic, physical, and neural basis of budgerigar vocalizations are discussed, and a potential
model for how the budgerigar syrinx may function to produce amplitude modulation is proposed.
© 1999 Acoustical Society of Amerid&0001-496809)03607-3
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INTRODUCTION waveform [Fig. 1(A) and (B), respectively; amplitude by
time representations of the sighaAs demonstrated here,
some of this amplitude fluctuation is due to nonlinear ampli-

Natural budgerigar(parakeet vocalizations, including tude modulation. When amplitude modulation is present in a
contact calls and some warble song elements, have been dgignal, its Fourier spectrum contains additional frequency
scribed and investigated as frequency-modulated, harmonigomponents that are produced not by the primary s¢sice
signals(Heatonet al, 1995; Brittan-Powelkt al, 1997a,p.  but rather by nonlinear interactions between two originally
Studies have examined the ontogeny of spectrally repreindependent signal§Nowicki and Capranica, 1986a, b;
sented frequency modulations in calBrittan-Powellet al,, Bradbury and Vehrencamp, 1998 o date, no study of bud-
1997a; Hallet al, 1997, the effects of syringeal denervation gerigar calls or warble song has explained the complex array
on spectral characteristics of calldeatonet al, 1995; Shea of observed spectral components, investigated whether the
et al, 1997, and whether production in helium alters spec-observed spectral components are generated by a mechanism
tral features of calls produced by syringeal denervated andf amplitude modulation, nor examined how amplitude
normal budgerigar¢Brittan-Powellet al, 1997h. Acoustic  modulation develops ontogenetically, is produced, or is af-
features of budgerigar vocalizations have been compared fected by perturbations of the vocal production systerg.,
those of Gray parrotgPsittacus erithacusTurney et al, neural or mechanical Given the spectral complexity of vo-
1994, and humangSilaeva, 1998 These studies, however, calizations that can be produced by amplitude modulation,
analyzed only the frequency spectra derived via Fourier techperturbations affecting that modulation may be difficult or
niques, specifically, frequency by time ‘“spectrograms” or impossible to detect in a cursory inspection of a Fourier
amplitude by frequency “power spectra.” spectrum (either spectrograms or power spettrindeed,

Budgerigar contact calls, however, also display signifi-cursory analyses of vaguely harmonic-like signals have led
cant modulation in amplitudéDooling and Searcy, 1981, to inaccurate interpretations of the acoustic, physical, and
1985. A call may contain several frequency changes, bumneural mechanisms underlying avian vocalizations that con-
amplitude fluctuations are ubiquitous and easily identified irtain amplitude modulatiofie.g., in chickadee&Greenewalt,
displays of both the gross temporal envelope and amplitud@968, and in budgerigar¢Heatonet al, 1995 and Brauth

et al, 1997].

dpresent address: Pamela Banta Lavenex, Ph.D., Neurobiology, Physiolog The fact that budgerigars produce amplitude-modulated

and Behavior, 196 Briggs Hall, University of California at Davis, Davis, gignals is itself significant. BUdgerigarS have a syrimf with
CA 95616; Electronic mail: pabanta@ucdavis.edu one set of opposable membraréke all parrots, but unlike

A. Budgerigar vocal mechanisms
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A .5 tude waveform displays how frequency, amplitude, and
20 4 phase of a signal vary with time. A Fourier transformation,
2 :f) by definition, transforms the signal into the frequency do-
2 054 main. A Fourier analysis decomposes each user-specified
g _Og' time window of an amplitude waveform into a series of pure
£ -0 sinusoids that, when added, produce the observed waveform.
a For any signal, conclusions based on independent analyses of
25 . . . : . . . time and frequency domains must concur. | thus describe the
B ’ oo - (mz::o W ¥ relationship between time and frequency domains for signals
251 that contain harmonics, amplitude modulation, and beating.
]
g o] 1. Harmonics
;g oo ] A harmonic signal is one in which the amplitude wave-
£ 12 form repeats itself exactlyi.e., is periodi¢. A pure tone or
20 sinusoid(a signal composed of only one frequepady the
B T 1 aw . m . 1m e simplest form of harmonic sound, and is represented in a
Time (ms) Fourier spectrunti.e., either a spectrogram or a power spec-

FIG. 1. A budgerigar’s contact calFores}. (A) The entire amplitude en- trum) by a S.mgle compon_ent at the frequency the waveform
velope.(B) Amplitude waveform of a 20-ms expanded time window from repeats; this frequency is known as the fundamental fre-
the call in(A) (173—193 msshowing aperiodic fluctuations of the ampli- quUeNCy.
tude. Note the extensive modulation of amplitude that occurs throughout the ~ More complex, nonsinusoidal harmonic wavefor(sig-
call. nals composed of multiple frequencies, termed multi-
frequency harmonic signalsare represented in a Fourier
passerine birds that have a bipartite syrinx with two sets ogpectrum by an array of evenly spaced energy components
membranes(Evans, 1969; Nottebohm, 1976; Gaunt and(also known as a harmonic “stack” in a spectrogparfihe
Gaunt, 1985; Suthers, 1987and only two pair of intrinsic  fundamental frequency of the vocalizatigknown as the
syringeal musclesEvans, 1969; Gaunt and Gaunt, 1985 first harmoni¢ is usually the lowest frequency component;
Moreover, parrots are thought not to have independent corsuccessive frequency components are located at exact-integer
trol of their syringeal membranéslottebohm, 1976; Heaton multiples of the fundamental. A multi-frequency harmonic
etal, 1995; Brittan-Powellet al, 1997b; Brauthetal, vocalization with a waveform that repeats every 5 ms thus
1997. Learning how budgerigars produce two independenhas a fundamental frequency of 200 Hz and component fre-
source signals that interact nonlinearly to produce amplitudguencies at 200, 400, 600 Hax 200 Hz, the fundamental
modulation will further our understanding of syringeal may also be calculated as the highest common denominator
mechanisms that underlie complex avian vocal productionsef the component frequencies. A sound is classified as “har-
In this paper, | show that budgerigars produce amplitudenonic” because, and only because, it repeats exactly in the
modulation both in their natural contact calls and when mim+time domain. Perfectly harmonic biological signalise.,
icking human vowel sounds. First, | redescribe key acoustigvhere repetition is exact from one period to the nekbw-
and spectral features that allow identification of a sound proever, are rare, and some fluctuation usually exists in their
duced by amplitude modulation, and how nonlinear interacperiodicity. This fluctuation, or “quasi-periodicity’(Titze,
tions generate new frequencies. | use the term “redescribe’1994, can cause higher harmonics in natural signals to be at
intentionally, because | review material from two overlookednear rather than exact-integer multiples of the fundamental
papers by Nowicki and Caprani¢d986a, b on the exis- frequency(e.qg., if a fundamental frequency is 26@ Hz, the
tence and implications of amplitude modulation in avian vo-first several harmonics would be at close multiples of 200,
calizations. Moreover, because a thorough understanding ®jut the 10th harmonic could be located at 2600 H2).
acoustic principles is necessary to evaluate the vocalizations Figure ZA) shows the amplitude waveform of a repre-
| present, | also describe two other signal types that must bgentative multi-frequency harmonic signal with a fundamen-
distinguished from amplitude-modulated ones in the analysigal frequency of 183 Hz, and Fig(&) is a schematic of the
of any vocalizations: Vocalizations known as harmonic, anchower spectrunta representation of the signal after Fourier
those produced from a linear interacti@r beating between  transformatioh that would be generated by this signal. The
harmonic signals. waveform repeats identically every 5.5 ms, and the harmon-
ics of the fundamental frequency are at 366, 549, and 732 Hz

B. Acoustic characteristics of signals containing in the power spectrum.

harmonics, amplitude modulation, and beating

The relationship between the amplitude waveform and?- AMplitude modulation
its Fourier spectrum is critical for understanding the physical ~ An amplitude-modulated vocalization is produced when
nature of any sound. The amplitude waveform is the trueone signal, the carrier signal, is modulated in amplitude by a
representation of a signal in the time domain, and is free oecond, the modulating signal. In general, the carrier signal
mathematical transformation. The wave shape of the amplihas the greater frequency, and is modulated by the lower
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FIG. 2. Amplitude waveforms generated electronically usimgaL sound- FIG. 3. Schematic Fourier power spectra for signals illustrated in Figh)2.

analysis softwaréBeeman, 1996 (A) The harmonic signal generated by Power spectrum of the multi-frequency harmonic signal of Fig)2The
adding four sinusoidal signaki83, 366, 549, and 732 hzeach with a  fundamental repeating unit, or fundamental frequency, is designated by the
0.1-mV dc component{Bradbury and Vehrencamp, 1998nd an initial f, component at 183 Hz. Spacing between each component in the spectrum
amplitude of 1.0 V.(B) The amplitude-modulated signal generated by mul- is also 183 Hz, and each component is found at an integral multiple of 183
tiplying two sinusoidal signal§183 and 2017 Hz each with a 0.1-mV dc  Hz (e.g., 366, 549, and 732 Wz(B) Power spectrum of the amplitude-
component and an initial amplitude of 1.0 ¥C) The amplitude-modulated modulated signal of Fig.(B). dc components in both original signals are
signal generated by multiplying two multi-frequency harmonic sigab&s signified by component frequencies in the spectrum that represent the fun-
Hz with 4 harmonics and 2017 Hz with 3 harmonjosach with a 0.1-mV ~ damental frequencies of both input signaig,and f, (183 and 2017 Hz,
dc component and an initial amplitude of 1.0 \2) The beat signal gener-  respectively. Sidebands occur &— f, andf,+ f,. (C) Power spectrum of
ated by adding together two sinusoidal signdl822 and 2005 Hz each  the amplitude-modulated signal of FigQ. dc components in both original
with a 0.1-mV dc component and an initial amplitude of 1.0 V. signals are signified by component frequencies in the spectrimaatdf,

(183 and 2017 Hz, respectivelyThe multi-frequency harmonic nature of

both input signals is illustrated by the presence of humerous component

frequency modulating signal. Because modulation is a nonfrequencies at integral multiples of the modulating frequerigy,and mul-
linear procesg$modeled by multiplication of sinusoids repre- tiple sidebands above and below the carrier frequefgy A second har-

: : : monic of the carrier frequency is af 2(4034 H2, with numerous sidebands
sented by polynomials, see belpunteractions between the above and below it. A third harmonic of the carrier frequency would be at

carrier qnd .mOdl.Jl?"ting .signals Create pew freQue_nCieS ncétfz (6051 H3, with its full complement of sidebands, but is omitted for
present in either initial signal. When subject to Fourier trans-clarity. (D) Power spectrum of the beat signal of FigDL This spectrum

formation, the new Components are represented as heter@j’lOWS _that th_e beat signal is generated from th_e linear intera@tamition
dyne sidebandisum and diference frequencida the spec- 1% HPALagta: The oy o components e spec i ose o
trum. Thus, two source signal§periodic or aperiodic
interact nonlinearly to produce a resultant output waveform
that is not a harmonic seri€se., it has no single fundamen- lation, but no conclusions can be drawn from this level of
tal frequency, and should not be represented by a harmoni@nalysis. Amplitude modulation occurs uniquely when two
array of components. The Fourier spectrum contains a set gignals interact nonlinearly and as a result produce new het-
component frequencies that, when summed, produce the obrodyne sideband components and a waveform that increases
served waveform, but those components are not integer muénd decreases in amplitude. Some linear proceéses,
tiples of a fundamental frequency. Ascribing their origin to asimple summation that occurs during beajingan also pro-
simple harmonic process is incorrect and misleading regardduce a waveform that appears modulated in amplitisde
ing the acoustic nature of the signal and the physical naturbelow), but do not produce the physical phenomenon of am-
of the source. plitude modulation nor the new heterodyne sideband compo-
The process of amplitude modulation is not synonymousients. Thus, the presence of a modulated-amplitude wave-
or analogous to the simple variation in amplitude of a signaform may indicate, but is not conclusive evidence of, an
with time that can be observed in a display of the grossamplitude modulation process. That verification requires de-
temporal envelopdFig. 1(A)]. Such modulations may or tailed analysis of the frequency composition of the Fourier
may not be due to the nonlinear process of amplitude moduspectrum.
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Mathematically, frequencies that result from the nonlin-dent input signal is difficult to determine for a biological
ear process of amplitude modulation can be predicted bgignal (unless measured just above the sofgfgel thus do
multiplying the two original input signals. The exact spectralnot further discuss amplitude values for spectral components.
composition of the final output signal depends on two critical Figure ZB) shows an amplitude waveform, and Fig.
features:(1) whether the carrier and/or modulating signals 3(B) the spectral frequencies generated by multiplying two
are single frequencti.e., pure tongor multi-frequency har- single-frequency harmonic signals, one at 2017 Hz and one
monic signals; and2) whether a direct curreniic) compo-  at 183 Hz, each with a dc component. Both signals are rep-
nent exists in either signa(Note: dc components are typi- resented in the output signal waveform, and direct measure
cally generated by a unidirectional air flow past a sound-of the waveform yields components that correspond to the
generating organ. All voiced vocalizations, such as the vowelundamental frequencies of the carrier and modulating sig-
sounds and contact calls discussed here, thus have a dc conals: In Fig. ZB), the 2017-Hz frequency is clearly identifi-
ponent manifest in the spectrum as an energy component able, and is modulated in amplitude at a rate of 183 Hz,
zero Hz; Bradbury and Vehrencamp, 199€onsider a producing the characteristic amplitude-modulated waveform
sound constructed from single-frequency harmonic carrieenvelope. In Fig. @), the 2017-Hz frequency is represented
and modulating signals, each with a dc component, describeldy a centrally located component surrounded on either side
by two sine waves with the formulas by components at 183-Hz intervals; note the four spectral
components at the mathematically predicted frequenties:
fo, fo—1f1, andf,+ 1.

Carrier Signaksignal 2v,(t)=C+D cos 2rrf,t, Consider now two multi-frequency harmonic signals,
each with a dc component:

Modulating SignaFsignal 1v,(t)=A+Bcos 2rft,

wheref, and f, are the carrier and modulating signals, re-
spectively, and,=f,; A andC represent the dc components Modulating Signaésignal 1:

of each signal, an& andD the amplitudes. For simplicity, | _

omit the 27 symbol from subsequent equations. Multiplica- vi(t)=A+B, cosfyt+B;cos Ayt + -,
tion of these two formulas yields +B,,cosmfit,

v1(t)Xv,(t)=AC+BCcosft+AD cosf,t Carrier Signaksignal 2:

+BD cosfjtcosf,t. @ v,(t)=C+D; cosf,t+D,cos Xt +-- -,
From simple geometric identity, two cosine terms may +D -
be represented as n €OSNT,t,

wheref,=f;, mandn are integerg1,2,3,..) representing

cosx*cosy=1/2 cogx+y)+1/2 cogx—y), 2 ; . !
y $_ y.) >Y) @ the harmonics of each multifrequency signfaandC are the
so that the above equation is expressed as dc components, anB andD the amplitudes.
v1(t)Xv,(t)=AC+BC cosft + AD cosf,t Multiplication of these two signals yields
+ 1/ZBD COS(f2+ fl)t Ul(t) X Uz(t) =AC+ B]_C COSflt+AD1 COszt
+1/2BD cog f,— fo)t. 3) +1/2B,D, coq f,+f;)t+1/2B,D, cogf,
Equation(3) provides terms for the features defining an —f1)t+CB; cos A4t +1/28,D, cog f,
amplitude-modulated process: First, both the carrigy @nd +2f,)t+1/2B,D, cod f,— 2f )t
the modulating f;) signals are present in the output signal,
albeit with altered amplitudes, and are thus identifiable by +AD; cos X,t+1/2B,D, coq2f,+ )t

their distinct component frequencies in the spectrum. Sec-
ond, two sum and difference frequencies are generated that
were not present in either input signal, and are found in the  Equation(4) provides terms for three defining features
spectrum equidistant above and below the carrier signal, aif this type of amplitude modulated signal: First, because
f,+f, andf,—f,. These frequencies, or sidebands, create @ach input signal has a dc component, components that cor-
spectrum characteristic of amplitude-modulated signals witlrespond to the fundamental frequencies of both the carrier
energy distributed symmetrically on either side of the carrie(f,) and modulating {;) signals are present in the output
signal (Nowicki and Capranica, 1986a, b; Bradbury and Ve-signal, and are represented by components at these frequen-
hrencamp, 1998 The presence of the original input signals, cies in Fig. 3C). Second, output signal components at fre-
f, andf,, in the output signal depends upon the existence ofjuencies corresponding to harmonics of each input signal
dc components associated with each input signal. If neitheoccur at integer multiples of the input signalg.e.,

input signal has a dc compong(iift A=C=0), then only the CB,,cosmf;t, AD, cosnf,t). Third, sum and difference fre-
sum and difference frequenciek, (- f,; andf,—f;) are pro- quencies corresponding to each  cross-product,
duced. Iff; but notf, has a dc component, onfy will be in 1/2B,,D, coshf,+mf)t and 1/B,D, coshf,—mf)t, pro-

the output signal, etc. Determining amplitudes of each outputduce multiple sidebands, spacedf; Hz above and below
component is theoretically possible from the mathematicakach integer multiple of the carrier signal. These sideband
equations; practically, the exact amplitude of each indepenfrequencies are again products of the nonlinear multiplica-
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tion process of amplitude modulation, and are not in thébreeding aviary at fledging4—5 week$ and subsequently
original input signals. trained to produce human vocalizations. Buddy and Forest
Figures 2ZC) and 3C) show the complex amplitude were housed alone in cages, but in auditory and visual con-
waveforms and spectral frequencies generated by multiplytact with humans and other birds. Frans was housed in a
ing two multifrequency harmonic signals with fundamentalsoundproof isolation box, with little auditory or visual con-
frequencies of 2017 Hawvith 3 harmonicsand 183 Hzwith tact with other birds. Frans had at ledsh of human inter-
4 harmonicy respectively, each with a dc compongémsing  action 5—6 days/week, and was exposed to auditory tages
Eqg. (4)]. In Fig. 3C), note the components that correspondeither a human reading or soft classical and easy-listening
to fundamental frequencies and harmonics of the originausig for 6—8 h/day. A fourth male, M03, neither hand-
input signals {; andf,, mf; andnf,, respectively, and the raised nor trained on English vocalizations, was obtained
multiple sidebands above and below each harmonif, of from a commercial breeding flock and subsequently caged
When discussing amplitude-modulated signals, termsvith 11 other budgerigars in various combinatigtvgo—five
such as “fundamental frequency” and “harmo(sg’ are birds at a time All birds received food and wated libitum
neither appropriate nor correct. An amplitude-modulated sigM03’s conspecific vocalizations allowed comparisons be-
nal is not a harmonic signal: It has no fundamental frequencyween flock-reared and human-reared biiids, Buddy, For-
nor harmonics of that fundamental. Although the terms fun-est, and Frans
damental frequency and harmonic may be appropriate, and
even helpful, for describing the separate carrier and moduB. Training of English vocalizations
lating signals, they are not appropriate for describing the
resultant amplitude-modulated signal. In the above explana-
tions, | have used these terms only to describe how specifi
components of an amplitude-modulated spectrum arise.

Buddy, Forest, and Frans were exposed to and trained to
roduce English words and phrases via the Model/Rival
/R) technique(Todt, 1975; Pepperberg, 198br a modi-
fied version(using only one trainer; Banta and Pepperberg,
_ 1995; Banta, 1998 Each bird was trained for 1 h/day, 5-6
3. Beating days/week, from about 6 weeks of age. Buddy, Frans, and
Beating occurs when two signals sum linear interac- Forest were recorded in the laboratory during training and
tion). Beating(e.g., between signals of 2005 and 1822,Hz Wwhile vocalizing freely on a perch or in their cage when they
produces a waveform that waxes and wanes in amplitudeere fully adult(at least 6 months ojdand when the target
periodically, thus resembling an amplitude-modulated signayocalization was produced in a clear and stable manner. Tar-
[compare Fig. @) and(D)]. The rate at which the envelope get vocalizations were single words and phrases, e.g., “pa-
of this amplitude waveform “beats(or waxes and wangs per,” “cork,” “wood,” “bear,” and “truck.” Birds also
equals the difference between the two sigriabsre, 183 Hr acquired vocalizations used during training and social inter-
Fourier spectra of signals produced by beating and amplitudactions, e.g., “kiss,” “climb,” “tickle,” “you're right,”
modulation, however, are very differef¢tompare Fig. @)  “good boy,” “okay,” and “come here.” The primary tutors
and (D)]. The Fourier spectrum of a beat signal containsfor Buddy, Forest, and Frans were humans, but all three birds
components at, and only at, the exact frequencies of the twwere at times in auditory contact with other bird®th bud-
original signals, in contrast to the sum and difference fre-gerigars and Gray parrgishus, they may have also learned
quencies produced by amplitude modulation. Although beatsome vocalizations from other birds. MO3 received no formal
ing can also create what are known as difference or combiRuman tutoring.
nation tonegi.e., perception of a 183-Hz signathese tones
are perceptual illusions produced solely by nonlinearities irC. Audio recordings
auditory or neural systems of the receiver. These tones are Vocalizations were recorded on Maxell XLII audio tapes
not part of the output waveforrtRoederer, 1995 and thus it 53 Sony TCM 5000 tape recorder and AKG C541 EB,
not represented in the Fourier spectrum. Sennheiser ME 66, or Sennheiser ME 67 microphones. M03
was recorded while isolated in his cage. M03's and human
C. The current study (PB’s) vocalizations were recorded with Fuji DR-II audio
Acoustic evidence for the presence of amplitude modu!@Pes on a Marantz PMD221 portable cassette recorder, and
lation in both budgerigar contact calls and English vowelWith @n Audio-Technica AT835b condenser microphone.
productions is presented below. In the discussion that fol- )
lows, implications of the presence of amplitude modulationD- AcOustic analyses
are considered, specifically with respect to the ontogeny of  Acoustic analysis methods were as follows: Frans’ and
budgerigar vocalizations, and the neural and mechanicagtorest's vocalizations were filtered at400 Hz and at

bases of vocal production in budgerigars. >10000 Hz with a Hewlett-Packard bandpass filteodel
8056A). Buddy’'s vocalizations were produced at a greater
l. METHODS amplitude, and contained less background noise than those of
. the other birds(he often sat closer to the microphone and
A. Subjects

preferred to vocalize when it was quietind thus did not
| present vocalizations from four male budgerigars.require filtering. Frans’ and Forest's recordings were digi-
Three birds, Buddy, Forest, and Frans, were removed from ized with a Kay Elemetrics 5500 DSP sona-grd@h 480
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Hz sampling rate, 8-kHz frequency rangBuddy’s, M03'’s, Ay 1 B
and PB’s recordings were digitized withiGNAL (Beeman,
1996 sound-analysis softwaré25000-Hz sampling rate,
8-kHz frequency rangeM03’s and PB'’s vocalizations were
first alias filtered above 10000 Hz. Spectra and amplitude
waveforms were analyzed on the Kay and wstGNAL. For
English words, 40-ms sections of vowels were isolated and
analyzed; for contact calls, entire vocalizations and sections /|
of various lengthgsee Sec. )lwere analyzed. Power spectra ! I ! )
were calculated with a 1024-point transform length that re- ¢ ' ﬁ o=
sulted in 20-Hz resolution for the vocalizations of Frans and
Forest, and 24.4-Hz resolution for the vocalizations of

Frequency (kHz)
W

Frequency (kHz)
~

1484

3106

20 8 g

Buddy, M03, and PRdifferences in frequency resolution are C 3 & -
due to differences in sampling rat&Spectrograms were cal- % -40 2 2 o
culated with various transform lengtiisee Sec. )l £ “ ©

3 -60

§ -80

B S S S S R S S
Il. RESULTS D 15 Frequency (kHz)
A. Budgerigar contact calls exhibit amplitude z 10
modulation g o0s |
Figure 4A)—(D) show wide- and narrow-band spectro- £ 0 i

grams, a power spectrum, and an amplitude waveform, re- g 05
spectively, from flock-reared M03's contact call. Note the -10
harmonic-like stack of component frequencies in the spectro- R I TR W T S
grams in the region demarcated by the time curgéig. Time (ms)

4(A),(B)]. A 1024-point power spectrum of the last 10 ms of FiG. 4. M03's contact call(A) Wideband spectrogrart500-Hz analysis
this region[82-92 ms, where the stack occurs; FigCH filter). Time cursors demarcate the 20-ms section displayed in the amplitude
waveform [(D)]. (B) Narrow-band spectrogranil50-Hz analysis filter

also reveals a harmonic-like spectrum, with energy Compo'_I'ime cursors demarcate the same region afAin (C) 1024-point power

nents at apparently regular intervals from 723—-6973 Hz. Irspectrum of the last 10-ms region of the waveform with periodic modulation
the spectrum, however, the maximal energy occurs at 3108 amplitude[(D), 82—92 mg The dominant component is at 3106 Hz, with

. components evenly spaced 742 Hz above and below. Components at 723
not 723, Hz. Moreover, although the first and second comz 484 17 are at integral multiples of the modulating sigfial. Ampli-
ponent frequencies at 723 and 1484 Hz are integer or neatisde waveform of the 20-ms period demarcated by cursotéjrand (B),

integer muItipIes of 742 HZ0.97 and 2.0, respective)ly from.which the_ 10-ms period for the power spectrun{@ was taken. The_
dominant (carrie signal measured directly from the last 10 ms of this

none of the other spectral components is an integer MUltiplg;ayeform is 3349-94) Hz: the modulating signal is 717-67) Hz.

of 742 Hz (e.g., 3106/7424.186, a pattern inconsistent

with a harmonic signal. Instead, energy components are pijrect inspection of the amplitude waveforiiFig.
evenly spaced at 742 Hz on either side of 3106 Hz, a pattera(D)], reveals a high-frequency signal modulated in ampli-
consistent with an amplitude-modulated signal having aude at a much slower rate. The 20 ms of signal that precedes
dominant(i.e., component with greatest eneygy carrier  the stack of frequencig®nly the last 10 ms showris char-
signal of 3106 Hz. Also, an integer multiple of this dominant acterized by a waveform of relatively constant frequency
component(corresponding to the second harmonic of the(~3850 H2. At ~78 ms, amplitude of the oscillation de-
carrier frequencycan be identified at 6211 H@211/3106 creases rapidly, but the waveform frequency remains con-
—2.000, as a local energy peak with components locatedstant. At~83 ms, the waveform frequency drops slightly to

nearly symmetrically 723 Hz below and 762 Hz above this3349 (£94) Hz, and its amplitude begins to increase and
integer multiple component. If this vocalization were a har_decreasg periodically, at a frequency of 1356.7) HZ' Both
the dominant frequency and rate of modulation in the wave-

monic series with a fundamental frequency of 3106 Hz, nc1‘orm correspond well to the dominant frequency component

other frequency components of significant energy would b?3106 H2 and the intervals between compone(f42 H2) in
found below the fundamental frequency or between the fung, o ghectrum, respectively, corroborating that the spectrum

damental frequency and its second harmonic. At this point "?:orresponds to an amplitude-modulated signal.

MO3's call, however, numerous components lie below this  of particular interest in this vocalization is the upper
dominant component, and between the dominant componesgideband at 3848 HiFig. 4C)], which is nearly identical to
and its second harmonic, a pattern inconsistent with a hathe dominant frequency of the portion of the signal immedi-
monic signal. ately preceding this amplitude-modulated segmeat
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A . B , guency of the dominant component, accompanied by a smear
of energy that extends across a large span of frequencies

7 7 (from ~500-5500 HZz Inspection of the narrow-band spec-

6 6 trogram[Fig. 5B)] reveals several closely apposed compo-
:E 3 x E 5 :’ nent frequencies at apparently evenly spaced frequency in-
o4 ] ] 7 4 - tervals. A 1024-point power spectrufof the 20 ms between
&, _ 5 3 : the vertical linegidentifies the spectrum’s dominant compo-
= ) | ' i ) ol | nent at 2600 Hz, with components evenly distributed 480 Hz

] il . L above and below this frequency, a pattern consistent with

that of an amplitude-modulated signal. Components also ex-

o
e
(=1

, ist at 480 and 960 Hz, but the dominant frequency, 2600 Hz,
Time — Time = is not an integer multiple of 480 H£2600/486=5.4167;
- s < thus, this component is not simply a harmonic of a 480-Hz
C 8% 85 g @ fundamental whose energy has been enhanced by suprasy-
2 ringeal filtering. Energy at 480 and 960 Hz is consistent with
Z -0 components that correspond to the fundamental frequency of
:i 0 the modulating signal and its first integer multiple. Note the
2 many spectral components between the carrier signal and its
2 % second harmonicat 5220 Hz, a pattern inconsistent with
that of a harmonic vocalization.
MOTTT 2 3 i 5 6 7 8 9 Inspection of the amplitude waveform of this section of
b = Frequency (lz) the call[Fig. 5D)] confirms that the spectrum is generated
Z 10 1 by an amplitude-modulated signal. Direct measure of the
% 05 waveform reveals a 47@-49)-Hz modulation superimposed
z 005 upon the dominant 2798-40)-Hz signal. Both the dominant
g o ‘ | ‘ frequency and rate of modulation in the waveform corre-
15 spond well with the dominant frequency compon€2600
20 Hz) and the intervals between compone80 H2 in the
146 150 154 158 162 166
Time (ms) spectrum.

FIG. 5. Forest’s contact callA) Wideband spectrograrf800-Hz analysis - . -
filter) of the call in Fig. 3. Time cursors demarcate the 20-ms section dis-B' Human and budgerigar vowel spectra differ in

played in the amplitude waveform and analyzed in the power spectBim. their properties

Narrow-band spectrograi50-Hz analysis filter Time cursors demarcate . . .
the same region as ifA). (C) 1024-point power spectrum of the 20-ms When subject to Fourier analysis, most human vowels

region demarcated by cursors(i) and(B). Note the dominant component Produce a quasi-harmonic spectrum consisting of a funda-
at 2600 Hz, and components evenly spaced 480 Hz above and below, amiental frequency and a stack of harmonic components, with
P st o S0yt ey crsomupana <2 component located at an nger of nearinteger mul-
E)B), on which the power spectrur?”l was performed. Tr?e domikeatien tiple of the fu_ndamemal frequenc&h? fundamental of a
signal measured directly from this waveform is 279840) Hz; the modu- human vowel is the frequency at which the vocal folds, or
lating signal is 473*+49) Hz. larynx, vibrate open and closed-igure §A) and(B) show
wide- and narrow-band spectrograms of a typical harmonic
human vocalization, PB’s “bear’{produced with the same
~3850 H32. Indeed, in the narrow-band spectrogréfig.  intonation as used when training budgerigar& power
4(B)] the two segments appear almost continuous. This exspectrun Fig. 6(C)] of the kr/ sound reveals a fundamental
ample demonstrates how an incorrect inference regarding tHfeequency of 220 Hz, and harmonics at integer or near-
activity of the sourcele.g., the frequencies produgedan integer multiples of the fundamentile., 440, 659 Hz, ett.
arise when only the Fourier spectrum is analyzed. Direct measure of the amplitude wavefoffig. 6D)] yields
Forest's contact call&s well as those of seven of nine a fundamental frequency of 2212) Hz (i.e., the waveform
other budgerigars analyzed for nonlinear amplitude modularepeats every 4.5-4.6 ms
tion to date exhibit amplitude-modulation patterns similar to Budgerigar vowel spectréFigs. 7-9, in contrast, pos-
those of M03. Figure (A) shows the entire amplitude enve- sess features of amplitude-modulated rather than harmonic
lope of one of Forest'’s calls, andR) an expanded section of signals. When represented via Fourier analysis, budgerigar
time from that call. Note the extensive amplitude fluctuationsvowel sounds possess a complex array of frequency compo-
throughout. Figure ®)—(D), respectively, show wide- and nents. The greatest spectral energy occurs in the middle of a
narrow-band spectrograms, the power spectrum, and anothgroup of components with significant energy distributed
portion of the amplitude waveform from the call in Fig. 1. symmetrically on either side of this local maximum.
From 147-166 ms, the amplitude of the wavefofFig. A 1024-point power spectrurfFig. 7(C)] of a 40-ms
5(D)] is modulated in a regular or periodic manner. Inspecsection(155 to 195 mgs of Frans’ kr/ in “bear” revealed
tion of the wideband spectrogram at this pojfig. 5A), that the maximal energy was at 1840 Hz, with component
between the time cursdrseveals an apparent drop in fre- frequencies 100 Hz below and 40 Hz above the 1840-Hz
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FIG. 6. A human's(PB’s) production of “bear.” (A) Wideband spectro- ~ FIG. 7. Frans’ production of “bear.{A) Wideband spectrograr800-Hz
gram (300-Hz analysis filtar Time cursors demarcate a 40-ms section nalysis filtey. Time cursors demarcate a 40-ms sect{d50-490 ms
(450—490 mk (B) Narrow-band spectrogrard5-Hz analysis filter Time Components are located at integral multiples of the carrier fr_equ@ﬁty)
cursors demarcate the same region a&in (C) 1024-point power spectrum and 5220 Hx (B) Narrow-band s_pectrograMS-Hz ar_1a|y5|s filter Time
of the 40-ms section demarcated(#) and (B). Note the integrally spaced ~cursors demarcate the same regior(As (C) 1024-point power spectrum
harmonics. The fundamental frequency determined from the power spe@f the 40-ms section demarcated (i) and (B). The dominant frequency
trum is 220 Hz. In this vocalization, the component with the greatest energydentified in the power spectrum is 1840 Hz. Component frequencies are
is the second harmoni¢D) Amplitude waveform of a 20-ms portion of the 100 Hz below and 40 Hz above the dominant frequefatyl 740 and 1880
40-ms section demarcated by cursorgAn and (B). The fundamental fre- Hz, respectively, byt S|gn|f|cant energy is in the spectrum at 1940(Ha0 ‘
quency determined from direct measure of the waveform is(229 Hz. Hz above the carrier signal, where the dashed line and the spectrum inter-
sec}. (D) Amplitude waveform of the 40-ms section demarcated by cursors
in (A) and(B). Direct measure of the amplitude waveform yielded a carrier

. . . . signal of 1866(+12) Hz, and a modulating frequency of 10&2) Hz.
frequency. Direct measure of frequencies in the amplitude

waveform[in Fig. 7(D), from the peak of one high-frequency
period to the next, or from the first peak of one slow- tifrequency harmonic signal. The presence of the carrier sig-
frequency period to the first peak of the neyielded a nal in the spectrum indicates that the modulating signal has a
dominant frequency of 1866+12) Hz, and a modulating dc component.
frequency of 100(=2) Hz. Returning to the spectrum, the Frans’ /er/ amplitude waveform envelofdeg. 7(D)] re-
lower 1740-Hz sideband occurs exactly where predici®@® sembles that of a classically amplitude-modulated signal.
Hz below 1840 Hg, but the upper sideband at 1880 Hz is not Such appearance suggests but is not definitive evidence for
100 Hz above the carrier frequency. Note, however, the sigamplitude modulation. As described above, beating can pro-
nificant energy at 1940 Hz.g., 100 Hz above 1840 Hz; Fig. duce a similar amplitude envelope, but a very different Fou-
7(C)], possibly reflecting the presence of an upper sidebander spectrum. For budgerigar vowel spectra, component fre-
at 1940 Hz that is obscured by another energy component guencies occur symmetrically around the frequency with the
1880 Hz. This possibility is discussed in greater detail belowgreatest energy, an attribute consistent with a spectrum gen-
Thus, evidence from signal analyses suggest that Frangrated by an amplitude-modulated signal, not by beating
fer/ vowel sound is produced by amplitude modulation. The[compare Fig. @) and(C) with Fig. 3D)].
dominant frequency identified in the wavefoiffiig. 7(D)] Buddy’s kr/ in “bear” (Fig. 8 produces a similar spec-
contains the greatest energy of all components in the spe¢rum. A 1024-point power spectruffrig. 8C)] identifies the
trum [Fig. 7(C)], and is surrounded on either side by energycomponent with maximal energy as 2656 Hz. Direct measure
componentdFig. 7(C)], two defining characteristics of an of the amplitude waveform yields a carrier signal of 2676
amplitude-modulated signal. The 1840-1866-Hz signal if=21) Hz and a modulating signal of 256-9) Hz. Fre-
the carrier; the 100-Hz signal is the modulating signal. Notequency differences between adjacent components vary from
the second and third integral multiples of the carrier signalrf8—352 Hz, but numerous components are separated by 254
near 3680 and 5520 Hz, indicating that the carrier is a mulor 273 Hz, values close to that of the modulating signal
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FIG. 8. Buddy’s production of “bear.(A) Wideband spectrograf300-Hz
analysis filtey. Time cursors demarcate a 40-ms secti@20—-260 ms
Components are located at integral multiples of the carrier frequesidb

and~8000 H2. (B) Narrow-band spectrografd5-Hz analysis filter Time  FiG. 9. Forest's production of “okay.(A) Wideband spectrograf300-Hz
cursors demarcate the same region g#in (C) 1024-point power spectrum  analysis filtey. Time cursors demarcate a 40-ms sec(@d—80 ms of the
of the 40-ms section demarcated (i) and (B). The dominant frequency  jo/. Note how low-frequency components extend in time beyond the region
identified in the power spectrum is 2656 Hz. Component frequencies argf the sound with the majority of enerdpelow arrowheads (B) Narrow-
273 Hz below and 254 Hz above the dominant frequeit®383 and 2910  pand spectrogrart45-Hz analysis filter Time cursors demarcate the same
Hz, respectively, but other components exist between those comportants region as in(A). (C) 1024-point power spectrum of the 40-ms section de-
2481 and 2754 Hz, respectivelyD) Amplitude waveform of 18 ms of the  marcated in(A) and(B). The dominant frequency in the power spectrum is
40-ms section demarcated by cursorg¢A) and(B). Direct measure of the 3980 Hz. Numerous components are separated by either 260 or 280 Hz,
amplitude waveform yielded a carrier frequency of 262€1) Hz, and @ jncluding the components that are two beltat 3700 Hz and two abovéat
modulating frequency of 25¢+9) Hz. 4240 H2 the carrier signal(D) Amplitude waveform of 8 ms of the 40-ms
section demarcated by the cursors(#) and (B). Direct measure of the

derived from the amplitude waveform. The component tWOamplitude waveform yielded a carrier signal of 46(0%295 Hz, and a
) modulating signal of 279+21) Hz.

bands below the 2656-Hz component is separated from it by
273 Hz; the component two bands above the 2656-Hz com-
ponent is separated by 254 Hz. At lower frequendiess  mental of the modulating signal is 260 Hz, but its first visible
vocalization was not filtered a harmonic-looking series of component is 520 Hz because of filterirgd00 H2); (2)
components is separated by either 254 or 273 Hz. Theseumerous integer multiples of the modulating signal indicate
components appear to be integer multiples of the fundamerits multifrequency harmonic natuf@lote: the 8000-Hz sam-
tal frequency of the modulating signal and thus indicate a dpling range eliminates a second integer multiple of the car-
component in the carrier, and a multifrequency harmoniaier signa); and(3) numerous energy bands on both sides of
modulating signal. The second integer multiple of the carrietthe carrier signal are visible, many of which are separated by
is visible at 5195 HZ5195/2656-1.96), indicating its mul-  either 260 or 280 Hz.
tifrequency harmonic nature. Note also the sidebands 235 Hz Measurements of the amplitude waveform concur with
below and 273 Hz above the 5195-Hz component. NumerouBequencies in the spectrum. The modulating signal, at 279
frequency components exist between the first and second:-21) Hz, corresponds to the 260—280-Hz modulating signal
harmonics of the carrier, a pattern inconsistent with a haridentified in the spectrum. The carrier signal identified in the
monic vocalization. amplitude waveform, at 4617295 Hz, differs more(al-
Figure 9 shows Forest’'s “0” from “okay.” Spectral though only by 14% from the 3980 Hz derived from the
components of this sound are consistent with properties of apower spectrum than did these estimations in other birds.
amplitude-modulated signa{l) components corresponding When the amplitude waveform is as drastically modulated in
to the fundamental of the carrier sigri@8D80 H2 and integer amplitude as in this bird’'s vocalization, however, difficulties
multiples of the modulating signal are presétite funda- arise during wave shape analysis in distinguishing peaks of
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the carrier signal from what may be small energy peaks gerlated with the peak-to-trough amplitude of the waveform
erated by harmonics or vocal-tract resonances of the carriédata not shown Periodic-frequency modulation is thus not
or modulating signals, or by spurious background noise. responsible for producing the discrete sideband components
Two other features are of particular interest in this “o0” of budgerigar vocalization spectra.
sound. First, not¢Fig. AD)] the striking similarity of the
shape and pattern of modulation of the amplitude waveform
of this vocalization and the synthesized amplitude-modulated
signal[Fig. 2(C)]. Second, note how several low-frequency IIl. DISCUSSION
components in the spect_rograrftaaneath arrovyheads, Fig. A. Budgerigar vocalizations contain amplitude
9(A) and (B)] extend in time beyond the portion of sound modulation
containing the broad spectrum of frequencies. A 1024-point
power spectrum of this region of the vocalizati@00—240 Evidence presented here supports the conclusion that
ms) reveals a dominant component at 610 Hz. Direct measome portions of the acoustic spectra generated by budgeri-
sure of the amplitude waveform yields a dominant frequencygar vocalizations arise from the nonlinear process of ampli-
of 628 Hz. In this region of the vocalization, the carrier sig- tude modulation. Note, however, that not all budgerigar vo-
nal apparent'y ceases, and Only what previous'y was théalizations exhibit the nonlinear phenomenon of amplitude
modulating signal continues to be produced. The actual funtodulation responsible for creating sideband frequencies
damental frequency in this region may be 305 Hz, but pre(e.g., budgerigar productions of English consonants and per-
analysis filtering<400 Hz may have removed the energy athaps some warble-song elements; Note: many warble song
the fundamental. This hypothesis is supported by the Iore@Iements are clicks or buzzes which are neither harmonic nor
ence of four other apparently harmonic components that ex@mplitude-modulated  signals Furthermore, —amplitude
tend up to 2167 Hz, and that are spaced at integer or neafoodulation thaj[ creates discrete S|'debands' is not necessarily
integer multiples of 305 Hii.e., Fig. 9B), components at Present or obvious throughout entire vocahzatu_()e&g., re-
915, 1267, 1909, and 2165 HzThis phenomenon was ob- 910NS within contact calls Wh_ere_ amplitude remains relat_lvely
served in samples of other budgerigar vocalizations, and prd:onstant, or fluctuates aperiodicallyThus, although entire
vides further evidence for the presence of two separate ari'dgerigar vocalizations may not exhibit all of the key fea-
independent frequencies. ture_s of amplitude modulation, thgse features are gxh|b|ted in
For numerous budgerigar vowel sourfdad all budgeri- portions of contact calls and in learned English vowel
gar vocalizations described abové calculated the carrier- SOunds. These key features include:
and modulating-signal periodicity directly from the ampli- (1) Vocalizations with acoustic spectra that do not conform
tude waveform. Pitch-synchronous spectrum analyses veri-  to those produced by harmonic vocalizations. These vo-
fied that the carrier signal is not an integer multigle., a calizations do not have a dominant component at what
harmoni¢ of the modulating signal(i.e., carrier signal/ would be the predicted fundamental frequency, and cal-
modulating signak* an integey. These results further sup- culations fail to yield either a common or a plausible
port the conclusion that the carrier and modulating signals  fundamental frequency. Furthermore, the frequency
are not harmonically related. component in the spectrum with greatest energy is not an
Finally, | analyzed both budgerigar vowels and integer or near-integer multiple of any plausible funda-
amplitude-modulated regions of contact calls for the pres- mental.
ence of frequency modulation. Periodic frequency modula{2) Acoustic spectra that contain a centrally located domi-
tions are also capable of producing discrete sidebévids- nant component surrounded on each side by relatively
ler, 1969. Budgerigar vocalizations clearly exhibit symmetrical sidebands that, collectively, represent most
frequency modulations in the form of both slow and rapid  of the energy in the signal.
transitions of the carrier signal frequencg.g., from one (3) Two separate periodic, or almost-periodic, signals that
frequency to another For example, as described above, are identifiable in the amplitude waveform and that ac-

MO3s contact call exhibits a rapid transition fron8850 to
~3349 Hz at~83 ms in the cal[Fig. 4D)]. It is thus pos-
sible that periodic frequency modulatiofes.g., periodic in-
creases and decreases of the dominant sigmighin each

curately reflect frequencies of the carrier and modulating
signals identified in the spectrum. The higher-frequency
carrier signal in the waveform corresponds to the domi-
nant frequency identified in the spectrum, and the lower-

modulating period are responsible for the production of side- frequency modulating signal in the waveform corre-
band components. My analyses showed, however, that fre- sponds to the frequency difference between many
guency modulations of the carrier signal within single modu-  components in the spectrum.

lated periods are aperiodic modulations rather than periodi¢4) These two separate frequencies are not integrally related
modulations(data not presentg¢dThe carrier frequencies of (i.e., the carrier signal is not an integer multiple of the
budgerigar vocalizations do not systematically increase, de- modulating signal

crease, or increase and decrease in frequency within periodS) A localized prominent componenicompared to sur-

of the modulating envelope, but rather fluctuate around the rounding component amplitudesccurs at a frequency

carrier signal “target” frequency{the dominant frequency
that the bird is attempting to produceFurthermore, the

period-to-period frequency of the carrier signal is not corre-
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integer multiple of the fundamental frequency of the car-
rier signa). This component is likewise surrounded lo-
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cally by a pattern of energy, consistent with sidebands irit would consist of numerous closely apposed components
an amplitude-modulated signal. separated by 100- and 200-Hz intervals, but not necessarily
by the 300-Hz interval predicted by the modulating signal.

Amplitude modulation is evident in budgerigar produc- . . .
tions of English vowel sounds. As mentioned above, bud_(Note that such an array might be incorrectly interpreted to

. . ; e a harmonic stack with a fundamental of 100 Hz, but with
gerigar vowel spectra contain a centrally located dominang _ . o - . i
. arious missing harmonigsFinally, depending on the win-

component and numerous sideband components separated . :

. . : w size of the Fourier transform, very closely apposed
a frequency similar to the modulating frequendgtermined . e

. . . overlapping components may not be distinguishable, but

from the waveform At times, however, particular sideband rather mav be represented as one sinale wideband comoo
components can be difficult to identify definitively because y P 9 P

they occur at positions not predicted by the modulating fre_nent, further complicating the analysis. The described array

guency [e.g., the 1880-Hz component in Frangr// in of components_ r_esemble_s_ that B many budg_engar vowel
o it . . . spectra. By deriving specific information regarding both the
bear,” Fig. 7(C)]. Possible reasons for this inconsistency : . . ,

. carrier and modulating frequencies from the Fourier spec-
are discussed below.

: t|'um and amplitude waveform, however, the array can be
For budgerigar calls, the presence of a gross tempora

envelopdFig. 1(A)] and an amplitude waveforiiFig. 1(8)] |dezt|flletq as generated by the nonlinear process of amplitude

that fluctuates in amplitude is obvio[this is the case for the moduiation.

calls of all (more than 1§ budgerigars examined to date

However, only isolated regions of calls.g., approximately 2. Suprasyringeal filtering

10%-20% of the duratigrexhibit periodic amplitude modu- The contribution of suprasyringeal filtering to budgeri-

lation [Figs. 4D), 5(D)]. At these points, the vocalization gar vocalization spectra must also be considered. The present

spectrum changes drastically, and sideband components ajfalyses cannot assess the role that the vocal tract plays to

detectable. Thus, evidence in both the time donfainthe  emphasize or de-emphasize frequencies created by the syrinx

amplitude waveformand in the frequency domaifin the  and other sound sourcé§existend, but such filtering likely

Fourier spectrumprovide consistent verification of an un- exists (Westneatet al, 1993; Brittan-Powelket al, 1997b.

derlying amplitude-modulation process in the generation ofrhe budgerigar vocal tract likely emphasizes frequencies be-

these isolated portions of budgerigar contact calls. Theween 2000—4000 Hithe dominant frequency range of con-

physical and acoustical processes responsible for producingct calls; Dooling, 1986 thus emphasizing sidebands that

the remainder of the call are, however, not yet known. Spegccur near the carrier signal, but not those at other frequen-

Cifica”y, are the frequent, obvious fluctuations in the amp“'ciesl Ana|yses of other budgerigar vowel productiCBBnta,

tude of the waveform throughout the rest of the call a.lSOpersona| observati()nsuggest that budgerigars may also se-

produced by nonlinear amplitude modulation, or are theyectively emphasize components that occur above, while de-

spurious fluctuations in amplitude? emphasizing or filtering out those that occur below, the car-
rier signal.

B. Additional acoustic mechanisms and their

influence on budgerigar vocalizations 3. Aperiodic amplitude modulation

1. The complexity of nonlinear amplitude modulation Inspection of the amplitude waveform for the major por-

As mentioned above, budgerigar vowel spectra also detion of any budgerigar cali.e., in regions that do not exhibit
viate somewhat from what is predicted by a simple model ofan amplitude-modulated spectrum with discrete sidebands
amplitude modulation. One reason for this deviation is thareveals a waveform that appears to be modulated in ampli-
components arising as integer multiples of the fundamentalude aperiodically or chaoticalljFig. 1(B)]. Interestingly,
frequency of the modulating signal, and those generated asonlinear amplitude modulation that results from the interac-
sidebandsi.e., components surrounding both the carrier andion between a periodic carrier signal and an aperiodic modu-
integer multiples of the carrier signamay overlap in the lating signal results in a much different spectrum than those
spectrum. A simple example illustrates this phenomenonpresented in Fig. @) and(C). Instead of producing a spec-
Consider an amplitude-modulated signal with multi- trum with discrete sidebands of ener@e., line spectra an
frequency harmonic carrig000 H2 and modulating300  amplitude-modulated signal with a periodic carrier signal
Hz) signals. Integer multiples of the 300-Hz modulating sig-and an aperiodic modulating signal will have a large cen-
nal would be found at 300, 600, 900, 1200, 1500, 1800, 210frally located dominant component surrounded on either side
Hz, etc. The carrier signal produces a component at 2000 Hhy diffuse sideband energy that may be incorrectly hypoth-
and sidebands would surround the carrier signal at 300-Hesized as arising from aperiodic frequency fluctuations or
intervals below(at 1700, 1400, 1100, 800, 500, 200)Hnd  noise. The distance that this sideband energy extends on ei-
above (at 2300, 2600, 2900 Hz, ejcthe carrier signal. ther side of the carrier signal is determined by the instanta-
Where the modulating and sideband components overlameous rate at which the frequency of the modulating signal is
however, energy would occur at 200, 300, 500, 600, 800fluctuating. Because the modulating signal can fluctuate in
900, 1100, 1200, 1400, 1500, 1700, 1800, 2000, 2100, 230Mequency very rapidlye.g., with each period of the carrier
Hz, etc.(This phenomenon also occurs where sidebands afignal for a chaotic modulating signaFourier transforma-
the carrier signal and its second integer multiple oveylap.tion results in a “smearing” of the sideband energy with
This region in the spectrum would be difficult to interpret, astime, thus giving the spectrum a “broadband” or noisy ap-
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pearance. Indeed, inspection of spectrograms from bothmplitude observed in budgerigar calls were simply spurious
MO03's and Forest's call§Figs. 4A) and (B) and 5A) and  fluctuations as observed in all biological signals.

(B), respectively, reveal this broadband or noisy character. C. Implications of amplitude modulation for

4. Beating investigations of budgerigar vocalizations

The simple linear summation phenomenon known as Budgerigars’ ability to produce amplitude modulation
beating cannot explain all of the spectral frequencies presef@s significant implications for future investigations of their
in portions of budgerigar calls and budgerigar vowel soundssound production, and necessitates re-evaluating results and
Although beating can produce a waveform that is modulatednterpretations of previous studies of ontogenetic, neural, sy-
in amplitude, its Fourier spectrum contains only the twofingeal, and acoustic mechanisms underlying their vocaliza-
original input frequencies. Even if beating occurred betweerions. For example, fundamental frequency is an inappropri-
two multi-frequency harmonic signals, the spectrum wouldate concept when considering amplitude-modulated
not contain a centrally located dominant component survocalizations. Analyzing a vocalization containing amplitude
rounded symmetrically by other components. Such a Spednodulation as if it were harmonic may lead to serious acous-
trum results only from a nonlinear process such as amplitud¢ and physical misrepresentations of the signal. Future in-
modulation. Thus, the modulated waveform of budgerigawestigations of budgerigar vocalizations must include acous-

vowels and calls is not produced by beating. tic analyses appropriate_ fqr amplitude-moc?ula_ted _signals
(e.g., ruling out the possibility that the vocalization is har-

monic; ensuring concurrence between the Fourier spectrum
and the amplitude wavefommand must use appropriate ter-
Budgerigar vocalizations and their Fourier spectra areminology to refer to vocalization components. Specifically,
influenced by frequency modulations, but are not the produdbecause the present study raises serious guestions as to the
of periodic frequency modulation, which can also producenature of budgerigar contact call production and suggests
discrete line sidebands similar to those produced by periodiamplitude modulation as the underlying mechanism, use of
amplitude modulatior{Marler, 1969. My analyses showed neutral terms such as “dominant signal” may be preferred to
that periodic frequency modulations do not play a role in theterms such as fundamental frequency until the issue is re-
production of discrete sidebands in the production of budsolved.
gerigar vocalization spectr@ata not present¢dFrequency The presence of amplitude modulation in vocal signals
modulation, however, may contribute to some of the spectraimpacts most significantly researchers’ reliance on acoustic
smearing observed around regions of contact calls wherenalyses performed solely with Fourier techniques. Such
aperiodic amplitude modulation is also observed., aug- analyses may lead to incorrect inferences about the signal
menting the broadband appearandée overall contribution source, and the frequencies it produces. Sidebands, for ex-
of each of these mechanisms, aperiodic frequency modulample, which account for most of the components in the
tion versus aperiodic amplitude modulation, to the signalFourier spectrum of a complex amplitude-modulated signal,
spectrum is difficult to estimate when the two processes ocare not source-produced frequencies, but rather result from
cur simultaneously, but undoubtedly, both mechanisms comonlinear interactions between two other signals originally
tribute to the complex spectra of budgerigar vocalizationsproduced by the sourts. This inference is not possible
Further acoustical and physiological investigations aresolely with visual inspection of the Fourier spectrum. Only
needed to elucidate the roles of these mechanisms in thefter accounting for all frequencies present in the spectrum,
production of budgerigar vocalizations. and reconciling the amplitude waveform and Fourier spec-
trum, are the acoustic properties of the source clarified.

5. Frequency modulation

6. Additional evidence for the presence of aperiodic 1. Mechanical and neural substrates of budgerigar
amplitude modulation vocalizations

Insufficient acoustic evidence exists to determine con-  Analyses relying solely on visual inspection of Fourier
clusively if all the frequent aperiodic fluctuations in ampli- spectra have led to misinterpretations of the physical, struc-
tude observed in budgerigar calls arise via amplitude modutural, and neural mechanisms underlying production of bud-
lation, but, given its demonstrated presence in some portiongerigar vocalizations. Reports from Heatetal. (1999,
of calls, and its prominence in English vowel productions, itBrauth et al. (1997, and Sheaet al. (1997 suggested that
is distinctly possible if not probable. Further evidence, how-budgerigar contact calls are harmonic vocalizations, and that
ever, comes from the analysis of contact calls produced bthe fundamental frequency of these calls is significantly re-
budgerigars with lesions in the vocal control nucleus NLcduced in birds that have undergone bilateral denervation of
(central nucleus of the lateral neostriajuiLc lesions af-  the syrinx. Brauthet al. (1997 proposed a model for bud-
fect the amplitude of the regions of budgerigar calls thatgerigar syringeal function based on these findings. However,
fluctuate aperiodically, as well as regions that are clearlythis purported decrease in fundamental frequency has not
amplitude modulated, suggesting that amplitude throughouteen reconciled with findings théd) calls of syringeal den-
the entire call is regulated by a common mechanism and isrvated birds are essentially a harmonic stack of frequencies
under the control of a neural circuit whose primary target is(Heaton et al, 1999, and (b) the dominant frequency of
the syrinx(Banta and Pepperberg, 1997; Banta, 1998iis  these harmonic productions shifts when produced in helium,
result would not be expected if the aperiodic modulations ofwvhereas the dominant frequency of calls of normal, inner-
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vated birds does ndBrittan-Powellet al, 1997h. This dif-  tinct possibility. Perhaps budgerigars learning contact calls
ferential effect of helium would not be predicted if the sourcelearn not only which dominant frequency to produce, and
frequency was the only feature affected by denervation, butow to vary that frequency, but also a pattern of amplitude
may indicate that the harmonic components of denervatethodulation. Indeed, perhaps amplitude modulatiornthis
budgerigar calls are produced in a fundamentally differentritical acoustic feature monitored by budgerigars engaged in
manner than a normal bird’s call. Unfortunately, the authorssocal learning. Brittan-Powelkt al. (19973 and Hall et al.
did not report effects of syringeal denervation on the gros$1997 investigated the ontogeny of call production in bud-
temporal envelope or amplitude waveform for any calls theygerigars, but not the development of amplitude modulation.
present. Re-evaluation of the results and interpretations frorBuch analyses may greatly improve our understanding of
these studies in the context of amplitude modulation mightmechanisms underlying vocal learning in this species.
greatly increase our understanding of mechanics of the bud-
gerigar vocal apparatus. D. Syringeal mechanisms underlying the production

Studies have also fallen unexpectedly short in identify-of amplitude modulation
ing effects of lesions in the vocal control system on the pro-

duction of budgerigar vocallzatllons. To date, feV.V StUdIesizations in songbirds were first described by Nowicki and
have documented the post-lesion fate qf budge.ngar Cal,l%apranica(1986a, b. They found that the “dee” syllable of
Hall et al. (199‘.9 present_data from budge_rlgars lesioned U ihe black-capped chickadéRarus atricapillug call was not
Ik?teral\_llyNaé\d E'Iatef:ca”¥ n andfarOL(ljn(fj Illz'ek.j L ?n?dnfﬁleusa simple harmonic vocalization, but rather resulted from the
asa is(NB). No ettects were found following FIeId L 1€ 4 linear interaction of two harmonic signals. The chicka-
sions, but NB lesions caused deterioration, loss of mdmduaﬁee like all songbirds, has two syringeal apertui@se on
Qistiqgtiveness, anq loss .Of all frquency modulatias eacr’1 side of the traéheobronchial juncliorach with a
identified by visual inspection of Fourier spegtaf contact dmembrane capable of producing a separate sound. Nowicki

fr? lis. Wh‘? IS not lknowr|1, howevelr_,t '3 how IefS|ons aﬁeCtel.and Capranica proposed that the spectral characteristics of
€ gross temporal envelope, amplitude wavelorm, or ampliy, o «qee” arose because each side of the syrinx produced a

tude modulation present in these vocalizations. Lack of ungice cons frequency. In contrast, the budgerigar, like all par-

derstanding of the acoustic nature of budgerigar vocallzar-otsy has a single syringeal aperture with two opposing lateral

tions may similarly have hindered analyses of othei',Eimpaniform membrane& TMs: Nottebohm, 1976in the

Acoustic characteristics of amplitude-modulated vocal-

unpublished Iesion_ studies. In contrast, preliminary ev?denc acheal portion of the tracheobronchial junction, and these
f”’f.“ re_cent expenments shows that even sma_ll, unilater embranes purportedly cannot produce sound independently
lesions in the central nucleus of the lateral neostriafiirc) (Nottebohm, 1976; Heatoet al, 1995: Brautret al, 1997)

can significantly and specifically affect amplitude mOdU|a'Thus, how d’o budéerigars pro,duce émplitude—médulated VO-

tion found in both budgerigar contact calls and prOdUCt'onScalizations?

of learned English vowel sounds, although the Fourier spec- A clue about budgerigar syringeal mechanisms may
tra may appear relatively unaffectéBanta and Pepperberg, come from research on the monk parakéstiopsitta mona-

,{1.997; ]I?antal,.tlé)% anflgeratlﬂ?fm.;?i a;:otustlt? |mpl!ca- chus This bird not only produces amplitude-modulated call-
lons of amplitude moduiation wilt tactiitate future investiga- ;.o vocalizations(“a rattling squawk”), but two intrinsic

“OUS to_ define more thoroughly and accurately effects o uscles of its syrinx, the syringeus and the tracheobronchia-
lesions in vocal control nuclei. lis, are temporally correlated with pulsatile elements of this
vocalization(Gaunt and Gaunt, 1985A similar mechanism
may be responsible for budgerigars’ production of
The presence of amplitude modulation in budgerigar vo-amplitude-modulated signals. For example, the dominant or
calizations has intriguing implications for studies of vocal carrier frequency may be produced by a flow-induced, self-
learning. Budgerigars can continue vocal learning throughousustaining oscillation of the LTMsgachieved by Bernoulli
adulthood(Brown et al., 1988; Farabaughbt al, 1994, and  action-like forces of air on the LTMsThe carrier frequency
juveniles require auditory feedback to develop their callsamplitude may then be modulated by either adducting or
(Dooling et al., 1987. The acoustic or temporal features to abducting the LTM<i.e., moving them, respectively, into or
which birds actually attend and learn when they begin toout of the tracheal lumen, and thus into and out of the air
produce their first contact calls or modify their adult call flow). Although direct syringeal muscle activity may be re-
repertoire as adults are, however, unknown. Budgerigarsponsible for producing amplitude modulations of this type
ability to produce a specific pattern of amplitude modulationin monk parakeet call§Gaunt and Gaunt, 19851 find
to mimic English vowels strongly suggests that budgerigaramplitude-modulation rates ranging from 100-742 Hz in the
may also “learn” when and how to vary amplitude in their budgerigar. Because these upper frequencies are far greater
contact calls, as well as other conspecific vocalizations. Ashan the rate at which even the fastest skeletal muscle can
mentioned previously, a budgerigar call may exhibit 3—5 fre-contract, direct syringeal muscle activity is not likely respon-
guency changes throughout its duration, but 10-15, or moresible for producing the modulating signal in all budgerigar
amplitude changes. Whether all modulations of amplitudeamplitude-modulated vocalizations.
are due to the nonlinear process of amplitude moduldtion Nonlinear oscillations of the syringeal membranes may
contrast to simple amplitude fluctuations of the gross tempoalso be responsible for producing amplitude modulation in
ral envelope, discussed abgyes not yet clear but is a dis- budgerigar vocalizations. Fest al. (1998 describe nonlin-

2. Vocal learning
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ear dynamics present in the excised syrinx of the zebra finchanta, P. A., and Pepperberg, I. k1.995. “Learned English vocalizations
(Taeniopygia guttata They postulate that these nonlinear as a model for studying budgerigaMelopsittacus undulatgswarble
mechanics are responsible for some nonlinear characteristic§°"9:” Soc. Neurosci. Ab1, 958. o
bserved in zebra finch song, such as period doubling, mod&2"t P- A- and Pepperberg, I. K.997. “Ibotenic acid lesions in bud-
0 - o A i erigar NLc affect production, but not memory, of learned English words
locking, and sudden transitions from periodic to aperiodic Or anq natural vocalizations,” Soc. Neurosci. ABS, 797.
chaotic signals. Tests on a biophysical model of the syrinXgeeman, K.(1996. sienaL Technology, V3.0(Engineering Design, Bel-
further support their hypotheses and suggest that, at least fomont, MA).
mode-locking, coupling of the Bernoulli force-driven oscil- Bfadbwytv_l(\’;/;' and Vghrznci’img, I\S/D-/(AI1998). Principles of Animal Com-

. . . f . munication(sinauer, sunaerianda, 2
lation to_a hlghgr ylbratlonal mOde n t.he membranes ma_ly b%rauth, S. E., Heaton, J. T., Shea, S. D., Durand, S. E., and Hall, W. S.
responsible. Similar mechanisms might produce nonlinear (1997. “Functional anatomy of forebrain vocal control pathways in the
acoustical features of budgerigar vocalizations: Smooth yet pudgerigatMelopsittacus undulatag’ Ann. (N.Y.) Acad. Sci.807, 368—
rapid transitions in amplitude, and between periodic and ape-385.
riodic or chaotic modulations, are evident in regions of callsBrittan-Powell, E. F., Dooling, R. J., and Farabaugh, S(18973. "Vocal
that lack obvious spectral evidence of amplitude modulation gi‘:ﬁ'Opprzez;'lnliuggg”giim'Ops'“acus undulatysContact calls,” J.
[Flg. 1(8)]' If bUdge”garS indeed use such mechanisms t%rittan-pPowgll, E. F., Dooling, R. J., Larsen, O. N., and Heaton, J. T.
mimic the sounds of human speech, they must have central1997h. “Mechanisms of vocal production in budgerigatdelopsittacus
control over at least some aspects of the syringeal dynamicsundulatus,” J. Acoust. Soc. Am101, 578-589.
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linear activity. Further experiments are necessary to asses%atlon of acoustic stimuli by budgeriga¢slelopsittacus undulatysiIil.
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